Introduction
Semiconductor clusters have been intensively studied due to their scientific and technological importance. Structures of clusters are different from those of bulk materials and affect physical and chemical properties. There have been a number of experimental and theoretical studies on small germanium clusters including determinations of geometries, dissociation energies, electronic structures, and electron affinities. 1, 2) In 1954, Ge n (n ¼ 2{8) clusters were first experimentally studied by Kohl. 3) Gingerich et al. investigated Au-Ge-Cu system by high temperature mass spectrometric technique and determined the stabilities of Ge n (n ¼ 2{5) clusters with higher accuracy. 4) Since then, Ge clusters have been studied by various experimental methods such as laser photo fragmentation, 5) mass spectrometry, 6) and photoelectron spectroscopy. 7) We found in our previous study 8) that an anionic silicon cluster (Si À ) 6 , which is isoelectronic with (SiH) 6 , forms a planar six-membered ring similar to benzene (CH) 6 , although neutral (SiH) 6 , the silicon analog of (CH) 6 , takes a nonplanar chair form. [9] [10] [11] The planar hexagon is aromatic with D 6h symmetry and we described it as ''silicon benzene''. 12) Since germanium is adjacent to silicon in the periodic table, Ge clusters are expected to show similar structures and properties to the corresponding Si clusters. It is known that neutral (GeH) 6 forms a non-planar six-membered ring, 13) and it has been desired to investigate the stable structure of the germanium anion cluster. Experimentally, a dianion cluster consisting of six germanium atoms with organometallic protective groups was obtained in matrix and the structure of Ge 6 moiety was revealed to be octahedron. 14) In this paper, we study all the equilibrium structures of Ge 6 Z (Z ¼ 0, 2-, 4-, 6-) and compare them with silicon clusters. We discuss structural preferences according to the Wade rule that relates the number of electrons in B n H m and the analogous systems to the stable structures. 15, 16) 
Theoretical Methods
Nine types of structures (planar hexagon, benzvalene, Dewar benzene, triangular prismane, bicyclopropenyl, octahedron, chair form, twist boat form, pentagonal pyramidal) were used as initial structures for calculations of Ge 6 z (z ¼ 0, 2-, 4-, 6-) clusters. The first six are topologically possible valence isomers of (CH) 6 . [17] [18] [19] [20] [21] [22] Two non-planar and one planar six-membered rings are theoretically found ones in P 6 23) and in anionic silicon clusters, 8) respectively. Ab initio molecular orbital and density functional theory (DFT) calculations were performed using the Gaussian03 software package. 24) We used Beck's hybrid three-parameter functional with the LYP correlation functional (B3LYP) in 25) The basis sets used were polarized basis sets supplemented by defuse functions (6-31+G(d) and 6-311+G(d)) and LANL2DZ with effective core potentials by Hay and Wadt. 26) Stationary points were confirmed to be minimum by harmonic vibrational frequency analysis at each level. 3-21G(d) basis was used for large clusters. We checked the RHF-UHF instability of wavefunction for all equilibrium structures.
Results and Discussion
Since experimentally observed X-ray crystal structure is available for comparison, we first calculate [{(CO) 5 -Cr} 6 Ge 6 ] 2-that includes octahedral Ge 6 .
14) The optimized molecular structure at the B3LYP/3-21G(d) and B3LYP/ LANL2DZ levels are shown in Fig. 1 . The computationally optimized molecular structure has O h symmetry at both calculation levels, while experimentally observed anion cluster has lower D 4h symmetry probably due to crystal packing effect. Geometric parameters at equilibrium are similar at both levels of calculations. Comparing with experimental values, the Ge-Ge (Ge-Cr) distances decreases approximately 3% (5%) at the B3LYP/3-21G(d) level and increases approximately 7% (5%) at the B3LYP/LANL2DZ level. Next, we calculate a model system of charged germanium clusters. Six Ge 6 , three Ge 6 2-, five Ge 6 4-, and two Ge 6 6-are obtained as equilibrium (no imaginary vibrational frequen- cies in the harmonic approximation). The optimized structure, selected geometric parameters, and relative energies among isomers are given in Fig. 2 and Tables 1-2 . Two isomers (9 and 11 of Ge 6 4-) are obtained at the B3LYP/6-311+G(d) level and three isomers (5 and 6 of Ge 6 : 12 of Ge 6 6-) are obtained at the MP2/6-31+G(d) level. In neutral Ge 6 , deformed octahedral, 1 and 5, are the most stable with comparable energies, Octahedral 5 of Ge 6 2-is the most stable at all levels of calculations studied here. The planar sixmembered ring 12 of Ge 6 6-is obtained only at the MP2/6-31+G(d) level. Isomers of Ge 6 are more than those of Si 6 , but isomers of Ge 6 2-and Ge 6 4-are less than those of Si 6 2-and Si 6 4-. It is interesting that 7 is obtained in Ge 6 2-and Ge 6 4-despite of the difference in the number of valence electrons. The more electrons are doped, the larger the molecular size is: the Ge-Ge bond length of 7 is 245.5 pm in Ge 6 4-and 241.4 pm in Ge 6 2-at the B3LYP/6-311+G(d) level. The Ge-Ge bond lengths are longer by 9:9{19:6 pm at the B3LYP/LANL2DZ level than those at the B3LYP/6-31G(d) level. In general, diffuse functions are important for anion systems. Actually, the characteristics of stationary points changes by adding diffuse function: 11 minima and 10 transition states are obtained at the B3LYP/6-31G(d) level, while 6 minima and 15 transition states at the B3LYP/6- 4-at the B3LYP/6-311+G(d) level. It is enumerated that the Wade rule comprise high predictability, but as the doped electron increases, the agreement with the Wade rule and the RHF-UHF stability of the wave functions become worse. No structure with stable wave function is obtained for Ge 6 6-at the B3LYP/6-311+G(d) level. Natural bond orbitals of the most stable charged clusters predicted by the Wade rule are depicted in Fig. 3 . It is shown that the HOMO of those structures mainly consists of lone electron-pair orbitals.
Conclusions
We have investigated the stable structures of germanium anion clusters. As the number of doped electrons increased, the agreement with the Wade rule and the RHF-UHF stability of the wave functions became worse. Common feature of anionic germanium clusters with Si clusters was that both anions have preferable structures according to the Wade rule. Difference was that the isomers of Ge 6 are more than those of Si 6 , but the isomers of Ge 6 2-and Ge 6 4-are less than those of Si 6 2-and Si 6 4-. The HOMO of the most stable charged clusters consisted mainly of the orbital of the lone-electron pair.
The present anionic system may seem to be hypothetical and unlikely ever to be synthesized. However, multiply charged germanium systems are well established in crystals. More realistic model is a neutral molecule where a counter cation balances the negative charge of the anionic germanium system. 
